is one of the most serious annual grassy weeds worldwide, and its evolved herbicide-resistant populations are more difficult to control. Quantitative real-time PCR (qPCR) is a common technique for investigating the resistance mechanism; however, there is as yet no report on the systematic selection of stable reference genes for goosegrass. This study proposed to test the expression stability of 9 candidate reference genes in goosegrass in different tissues and developmental stages and under stress from three types of herbicide. The results show that for different developmental stages and organs (control), eukaryotic initiation factor 4 A (eIF-4) is the most stable reference gene. Chloroplast acetolactate synthase (ALS) is the most stable reference gene under glyphosate stress. Under glufosinate stress, eIF-4 is the best reference gene. Ubiquitin-conjugating enzyme (UCE) is the most stable reference gene under quizalofop-p-ethyl stress. The gene eIF-4 is the recommended reference gene for goosegrass under the stress of all three herbicides. Moreover, pairwise analysis showed that seven reference genes were sufficient to normalize the gene expression data under three herbicides treatment. This study provides a list of reliable reference genes for transcript normalization in goosegrass, which will facilitate resistance mechanism studies in this weed species.
Weeds are one of the major biotic threats to crops and can result in a 34% loss of crop yield worldwide 1 . Herbicides are a class of chemicals that can control weeds efficiently and economically, enhance crop yield and liberate the workforce. Unfortunately, over-reliance on herbicides has resulted in the evolution of resistance in weed species 2 
.
To date, 251 weed species in 66 countries have been found to have evolved resistance to 160 different herbicides 3 . Goosegrass (Eleusine indica) is considered one of the top ten worst weeds, distributed worldwide and affecting crops 4 . Acetyl-CoA carboxylase (ACCase)-inhibiting herbicides and non-selective herbicides such as glyphosate, glufosinate and paraquat are widely used to control the goosegrass 5 . After many years of control by herbicides, goosegrass has evolved resistance to many of them, including glyphosate 6, 7 , diclofop 8 , fluazifop 9 , glufosinate 10 and paraquat 11, 12 . Clarifying the resistance mechanism for weeds is essential to control them, ensuring crop yield and the sustainable application of herbicides 13 . In general, resistance mechanisms can be categorized as target and non-target 14 . Gene expression analysis is commonly applied to explore target-site gene amplification and the over-expression of detoxifying enzyme genes, which are related to herbicide resistance [15] [16] [17] . Quantitative real-time PCR (qPCR) is necessarily in wide use 18 . Normalization during qPCR analysis is usually performed using a reference gene that must be expressed at stable levels regardless of the experimental conditions to ensure the veracity of the qPCR analysis 19, 20 . Several studies have been published with the aim of identifying suitable reference genes for expression analysis under different conditions in plants, including weeds [21] [22] [23] [24] . However, few studies focus on the stress under herbicide treatment for weeds [25] [26] [27] [28] . With the development of next-generation sequencing technologies that can be used to investigate resistance mechanisms for weeds, the expression levels of increasing numbers of genes should be validated. Thus, the selection of a stably expressed reference gene is important for the accuracy of the results.
Studies of the resistance mechanism of goosegrass to herbicides have been conducted at both the phenotypic character and the molecular levels 7, 29, 30 . Acetyl-CoA carboxylase (ACCase), 5-enolpyruvylshikimate-3 phosphate synthase (EPSPS) and glutamine synthetase (GS) are three common genes whose expression levels are affected in resistant goosegrass and constitute the target-set of quizalofop-p-ethyl glyphosate and glufosinate 8, 15 . However, no systematic analysis of reference gene selection for normalization in various development stages of goosegrass and the herbicide stress has previously been performed. In this study, 9 selected reference genes were cloned and identified in goosegrass, and then the stability of gene expression was assessed in different developmental stages, different organs, and different times after treatment with three herbicides. The aim of this study is to provide useful guidelines for future gene expression studies in goosegrass.
Results

RNA isolation and primer selection.
The RNA quality of all samples was detected by both 1% agarose gel electrophoresis and A260/A280 values. All selected samples in this study showed a specificity band, and the values of A260/A280 ranged from 1.90 to 2.11 (Supplementary Figure S1 ). The 9 candidate reference genes in this study were retrieved from the transcriptome database of E. indica. Partial sequences of the 9 reference genes were reconfirmed by the PCR results and submitted to the NCBI database (Table 1) . At least three primer pairs were designed, and the selected primers showed amplification specificity by gel electrophoresis. Then, the candidate primer pairs were detected by qPCR based on a standard curve. The results showed that all the appropriate primers exhibited a single band with the expected size by gel electrophoresis (Fig. 1 ) and a single peak in the melting curve (Supplementary Figure S2) . In addition, all the primer pairs showed acceptable amplification efficiency (E), which ranged from 90.12% to 97.25%, and the correlation coefficients (R 2 ) varied from 0.990 to 0.998 (Table 1 ; Supplementary Figure S3 ).
Expression profiles of candidate reference genes.
The expression levels of the 9 candidate reference genes in goosegrass under different conditions were determined by the ABI7500, and the results were shown as quantification cycles 31 . According to the box-plot, the Cq values of the 9 reference genes displays a diversity ranging from 16.52 to 32.86, and their expression patterns are similar under different treatment (Fig. 2) . The gene elongation factor 1-alpha (EF) showed the low Cq values ranging from 16.52 to 24.37, indicating high expression. In contrast, the gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) displayed high Cq values ranging from 23.57 to 32.86, corresponding to low expression. Compared across the different developmental stages and organs (control), the expression of the gene beta-tubulin 4 (TUB) was affected significantly under herbicide stress. The standard deviation (SD) of the samples for the control was 1.42, while the SD value can reach 3.55 under herbicide treatment. GeNorm analysis. This software evaluated the stability level of the reference genes by two parameters, stability value (M) and pairwise variation (V n /V n+1 ). The lowest M value means the most stable gene expression. The reference gene was accepted if the M value was below 1.5. In our research, eIF-4 and EF ranked as the most stable genes under the control experiment set. Alpha tubulin 1 (TUA) is considered the least stable gene, with an M value of 1.48, and two genes (TUB and heat shock protein 70 (HSP) were not accepted by geNorm because the M values were greater than 1.5 (Table 2 ; Supplementary Figure S4 ). Under the stress of glyphosate, glufosinate and the total set, the most stable genes were the same (eukaryotic initiation factor 4A (eIF-4) and chloroplast acetolactate synthase (ALS), while eIF-4 and ubiquitin-conjugating enzyme (UCE) were ranked as the most stable genes under quizalofop-p-ethyl stress. In addition, to define the best pair using geNorm, we also estimated the pairwise variation (V n /V n+1 ) to determine the minimal number of genes for reliable normalization with a cut-off value of 0.15. The pairwise variation was more than 0.15 in all the experiment sets (Supplementary Figure S5) . As recommended in this case 32 , we used the lowest V n/n+1 value to determine the number of reference genes adequate for normalization. Under the stress of the three types of herbicide, using the most seven stable reference genes is considered to be a valid normalization strategy. Under the control and total conditions, the eight most stable reference genes should be used.
NormFinder analysis. The stability value is the parameter used to evaluate the appropriate reference genes by NormFinder, where the lower stability value indicates higher expression stability 20 . In this research, the results analysed by NormFinder were similar to the analysis by geNorm. Under glufosinate stress, quizalofop-p-ethyl stress and for all samples, the most and least stable reference genes were the same as in the results evaluated by the geNorm, i.e., eIF-4 and TUB, respectively ( Table 2 ). The gene eIF-4 was ranked as the most stable (0.24) under the control experiment set, while HSP was the most varied gene (1.33) . ALS was the most stable gene (0.71) under glyphosate stress, while the least stable gene was TUB (1.79).
BestKeeper analysis. The algorithm of the BestKeeper software is different from geNorm and NormFinder, depending on the SD and coefficient of variance (CV). The lowest SD and CV indicate the most stable reference gene. In addition, the parameter SD for the accepted reference gene must be lower than 1.0. The results analysis by BestKeeper differed from the results analysis by geNorm and NormFinder, with no more than five accepted reference genes in the entire experimental set ( Table 2 ). Under the control set, total samples and quizalofop-p-ethyl stress conditions, the TUA was ranked as the most stable reference gene, while the most stable genes under glyphosate and glufosinate stress were HSP and UCE, respectively. The gene ACTIN was acceptable under all the experimental set.
ReFinder analysis. To address the heterogeneity of the results evaluated by the geNorm, NormFinder and
BestKeeper, another web tool ReFinder was used, which can compare the data generated by the other three software programs to give a comprehensive ranking confirming the stability ranking via different programs. The results show that the most stable reference genes were eIF-4 (1.41), ALS (1.50), eIF-4 (1.63), UCE (1.32) and eIF-4 (1.50) for the control, glyphosate, glufosinate, quizalofop-p-ethyl and total set ( Table 2 ).
Expression profiles of EPSPS, GS and ACCase. The expression of the target-site genes of glyphosate (EPSPS), glufosinate (GS) and quizalofop-p-ethyl (ACCase) were determined in the leaf tissue after treatment at different times. Both the most stable reference genes (eIF-4, ALS) and the most varying reference gene (TUB) were chosen for this study. ALS is the most stable reference gene for goosegrass under glyphosate stress. Using ALS as the reference gene, the expression of EPSPS at 72 h and 96 h is 3.7 and 2.8 times higher than at 48 h after glyphosate treatment, respectively. When using the TUB, it was only 1.2 times and 0.7 times, respectively (Fig. 3) . For GS, the expression at 96 h is 1.3 times higher than at 48 h using the best reference gene eIF-4. The most variable reference gene, TUB, can produce a result of up to 5.6 times. The expression of ACCase in goosegrass after quizalofop-p-ethyl treatment was altered only slightly. However, a difference can still be found between the more and less stable reference genes. The expression at 48 h is 1.5 times the expression at 72 h when using eIF-4, while the result is 2.4 using the least stable gene, TUB.
Discussion
Herbicide-resistant weeds are a significant problem for crop production worldwide. Countering the resistance mechanism can provide a beneficial way to control them and ensure food safety. The qPCR method is the most common way to determine the expression profiles for genes related to herbicide resistance in weeds 33, 34 , especially with the application of the technology of next-generation sequencing to investigate the resistance mechanism 15, 35, 36 . The selection of a stable reference gene is crucial for the accuracy of the qPCR results. However, little research has focused on finding reference gene for weeds, including goosegrass, under herbicide stress 27, 28 . In this research, we selected stable reference genes from 9 candidate reference genes under the stress of three herbicides. The results showed that the most stable reference gene is ALS under glyphosate stress, eIF-4 under glufosinate stress, and UCE under quizalofop-p-ethyl stress. The gene eIF-4 is the best candidate reference gene in goosegrass under stress from all three herbicides.
The first report to identify reference genes under the herbicide stress of ACCase inhibitor is on Alopecurus myosuroides, and ubiquitin (UBQ), TUB, and GAPDH were selected for normalization 27 . In our research, the most stable gene under the ACCase inhibitor quizalofop-p-ethyl was UCE, followed by eIF-4 and EF, while TUB was the least stable gene for goosegrass. Another study found that the most stable genes for Avena fatuaunder the stress of ACCase and ALS inhibitor herbicides were TATA-binding protein (TBP) and GAPDH 26 . Compared to this research, the most stable reference genes under the stress of the ALS inhibitor herbicide tribenuron were ACT7 and UBC for Descurainia sophia 25 . These results indicated that the selection of the stable gene differed for different species. Herbicide stress is a type of abiotic stress, and the gene eIF-4 showed stable expression in our research. This result was similar to other findings in grasses under different stresses [37] [38] [39] [40] . Glyphosate is a very important herbicide due to the development of transgenic technology. Unfortunately, 36 weed species have evolved resistance to glyphosate thus far 3 . Many studies focus on investigating the resistance mechanism using qPCR; however, fewer studies systematically select the reference gene 34, 41, 42 . In our research, ALS is the most stable reference in E. indica under glyphosate stress, followed by TUA and eIF-4. The same results were found for Amaranthus palmeri and Kochia scoparia, where ALS was selected as the reference gene 33, 42 . In our previous study, ACTIN was found to be more stable than GAPDH, as calculated by the software Bestkeeper 16 . This finding is consistent with the results in this study. However, the results of the stability ranking calculated by the software geNorm and NormFinder were different from the results calculated by Bestkeeper. This heterogeneity was also found in other plant species and may be due to the different algorithms for the software geNorm and NormFinder 24 . Fortunate, the software RefFinder can generate a comprehensive ranking of reference genes for all the other software.
Many research also focus on the genes expression in different tissues and developmental stages. We selected the stable expression reference genes in goosegrass under three different tissues and growing stages, respectively. Both the geNorm and NormFinder calculated the eIF-4 as the most stabile reference. While, TUA was ranking as the most stabile gene used the Bestkeeper. All the three softwares ranked HSP as the least stabile reference gene. The RefFinder got a comprehensive result that ranking the eIF-4 as the most stable reference gene. In Camellia sinensis, the eIF-4 was also selected as the best stable reference gene by the geNorm under the developmental stage 24 . And the phenomenon that different results were got using the different software was also found in Pennisetum glaucum 23 . EPSPS is the target-set of glyphosate, from the shikimate pathway 43 . We determined the expression of EPSPS in the plants of a GR goosegrass population, caused by the amplification of the target set 16 . The expression of EPSPS shows a signification increase from 48 h to 72 h after treatment with glyphosate, as detected using the stable reference genes ALS and eIF-4. However, this phenomenon is not detected using the reference gene TUB. This result indicates that an appropriate reference is important for the precision of the result. Glufosinate is a popular non-selective herbicide with a target-site of GS and useful to control the GR weed species 15 . It is necessary to select the stable reference gene for the expression study due to the importance of this herbicide. In our research, the expression level of the reference genes eIF-4 and ALS is similar to the GS in goosegrass. And these two reference genes show a higher stable than the TUB after glufosinate treated at different times. Several reports have identified ACCase inhibitor herbicide-resistant goosegrass worldwide. The expression level of ACCase is relatively similar to the reference gene 18S rRNA 9 . We also observed this phenomenon in our research, although the reference is different.
In summary, we found stables reference genes in goosegrass under the stress of three herbicides. Across different tissues and developmental stages, eIF-4 is the best reference gene. TUA can serve as reference gene under glyphosate stress, whereas under glufosinate stress, eIF-4 is the most stable reference gene. UCE can be used as reference gene under quizalofop-p-ethyl stress. Under stress from the three herbicides overall, eIF-4 is the best reference gene for gene expression analysis.
Methods
Plant material and treatments. Seed samples of the goosegrass populations for this study were collected from the roadside of turf farms in Chengdu, Sichuan Province. The goosegrass seeds were cultured using the method in our previous research, with a single plant per pot 7 . When the plants reached the 4-5 leaves stage, tillering stage, and flowering fruit-bearing stage, the three types of herbicides were applied for stress treatment. The doses of these three herbicide were as follows: 840 g ae ha glufosinate ammonium, soluble concentration (SL), Bayer CropScience, Frankfurt, Germany), and 37.5 g a.i. ha
of quizalofop-p-ethyl (50 g L −1 EC, Nissan chemical industry, Tokyo, Japan). The samples were collected and described as summarized in Table 3 . For the tissues study, three organ types were harvested from the flowering fruit bearing stage. The fully emerged leaves were collected from three different developmental stages for the study of developmental stage. In the time treatment, the leaves were collected at the 4-5 leaf stage. Three biological replicates were performed and all samples were immediately frozen in liquid nitrogen and stored at − 80 °C prior to RNA extraction. Total RNA isolation and cDNA synthesis. The frozen tissue was ground in liquid nitrogen using a mortar and pestle. Total RNA was extracted using the RNAprep Pure Plan Kit (Tiangen Biotech Beijing CO., LTD, Beijing, China). Genomic DNA was completely eliminated using RNase-Free DNase I (Tiangen Biotech Beijing CO., LTD, Beijing, China), according to the manufacturer's instructions. The integrity was checked by 1.0% agarose gel electrophoresis. RNA and genomic DNA concentrations were determined using the NanoDrop-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). First-strand complementary DNA was synthesized using the FastQuant RT kit (Tiangen Biotech Beijing CO., LTD, Beijing, China) with 1 μ g of total RNA and oligo (dT) in a total volume of 20 μ L. The samples were stored at − 80 °C until used.
Candidate reference gene selection, primer design and gene cloning. 9 common reference genes, ACTIN, GAPDH, ALS, EF, eIF-4, TUA, TUB, UCE and HSP, were selected for this study. The genes TUA and TUB were retrieved from the database of the National Centre for Biotechnology (NCBI). The other reference genes were obtained by querying the E. indica transcriptome database (SRR3614245) in our previous study. To confirm the sequences of the 9 candidate reference genes, all of them were cloned using polymerase chain reaction (PCR) and sequenced using the method described in our previous study 16 . qPCR assay. Primer pair sets for the confirmed candidate reference genes were designed using the software Data analysis for expression stability. The software programs geNorm 32 , NormFinder 44 and Bestkeeper 45 were selected to calculate the expression stability of the 9 candidate reference genes. The web tool ReFinder 46 was then selected to generate a comprehensive ranking for the reference genes by comparing the results calculated by these three software programs. The Cq values of all reference genes used in geNorm and NormFinder were converted into relative quantities according to the formula2 −∆Ct (∆ Ct = the corresponding Cq value − minimum Cq) 47 . The geNorm program calculated the expression stability value (M), and reference genes with M < 1.5 were considered stable. The geNorm was also used to calculate the pairwise variation (V n /V n+1 ) between the two sequential normalization factors (NF n and NF n+1 ) in order to determine the minimum number of reference genes for optimal normalization and the recommended cut-off value was 0.15 48 . NormFinder calculated the expression stabilities of the candidate reference genes by combining the intra-and inter-group variations in a sample set containing any number of samples organized in any number of groups. Raw Cq values were directly analysed by BestKeeper.
The expression characteristics of EPSPS, GS and ACCase in goosegrass. To validate the stability of the selected reference genes for qPCR analysis under different herbicide stress, the expression of the target-site genes of glyphosate (EPSPS), glufosinate (GS) and quizalofop-p-ethyl (ACCase) were determined at different times (48 h, 72 h and 96 h) for the leaf tissues (4-5 leaves stage) after treatment. The plant culture and the herbicide treatment were performed using the methods described above. Both the most stable reference genes (eIF-4, ALS) and the most varying reference gene (TUB) were chosen for this study. The sequences of these three genes were retrieved from the transcript data in our previous study and re-confirmed 49 . The primer designing and qPCR methods were similar to the ones described above. EPSPS, GS and ACCase were amplified using the primer pairs (EP-F: 5′ GGTGGCAAGGTTAAGTTATCTGG 3′ , EP-R: 5′ TCAACATAAGGGATGGAGATCAG 3′ ), (GS-F: 5′ GCGTGAAGATGGTGGATATGAAG 3′ , GS-R: 5′ TTCGTGTTTCCCTGTCAACCTC 3′ ) and (ACC-F: 5′ TCATCATTCACATCAAACAGCATTCTC 3′ , ACC-R: 5′ TGCCCATCACAATCCAACCAAAG 3′ ), respectively. The amount of transcript accumulated for these three genes normalized to the reference genes were analyzed using 2 −∆∆Ct method 47 . Three technical and biological replicates were performed in this study, and the data were statistically compared by one-way ANOVA. 
